Chelatable Fe (II) is generated in the rat kidneys exposed to ischemia and reperfusion, and a divalent metal chelator, 2, 2'-dipyridyl, attenuates the acute ischemia/reperfusioninjury of the kidneys: a histochemical study by the perfusion-Perls and -Turnbull methods
Introduction
Tubular cell death by ischemia and reperfusion of the kidney may occur by necrosis and apoptosis (reviewed in Saikumar and Venkatachalam, 2003; Ortiz et al., 2003; Kaushal et al., 2004) . Necrosis can occur during hypoxic ischemia, being largely caused by a depletion of ATP owing to a reduced availability of oxygen and nutrients. On the other hand, the cell death during reperfusion after a brief period of ischemia has been recognized to include apoptotic as well as necrotic mechanisms. A prominent mechanism that may underlie the ischemia/reperfusioninjury of the kidney is the enhanced production of reactive oxygen species (ROS), such as superoxide (O2 -), hydrogen peroxide (H2O2), and hydroxyl radical (OH ) (reviewed in Halliwell and Gutteridge, 2007) , although early membrane damage caused by ATP depletion and activation of degradative systems are also involved in the pathogenesis of kidney damage. Among the ROS, OH is most reactive and therefore highly cytotoxic, attacking every molecule close to its site of formation including membrane lipids, proteins, carbohydrates, and DNA (Halliwell and Gutteridge, 2007) .
OH is produced from H2O2 during the Fenton reaction that requires the transition metal catalysts (Halliwell and Gutteridge, 2007) . Fe 2+ and Cu + ions and their loosely bound complexes with various organic bases are those available in vivo. However, the abundance of iron in biological tissues, as compared with copper, makes this element a more prominent participant in the Fenton reaction.
Fe 2+ + H2O2 Fe 3+ + OH + OH -Fe 2+ is soluble in a large pH range, while Fe 3+ is insoluble unless chelated at a pH higher than 3 (Conrad et al., 2000) . Therefore, nonheme Fe (II) loosely bound to weak organic ligands may provide catalytic Fe 2+ in the mildly acidic cytosol (pH 6.5 +/ 0.3 in lactic acidosis, Holloway et al., 1986; Dugan and Choi, 1999) during hypoxic ischemia and the early stage of reperfusion. Because of the high reactivity of OH affecting macromolecules close to its site of formation, the localization of loosely bound Fe (II) or unbound Fe 2+ is critical in the development of OH -mediated cell injury. On the other hand, H2O2 is readily permeable across biological membrane (Halliwell and Gutteridge, 2007) .
Both production of H2O2 (Kunduzova et al., 2002) and increase in the bleomysin-chelatable (and catalytically active) iron (Baliga et al., 1993) have been demonstrated in the homogenates of the kidneys exposed to ischemia/ reperfusion. However, the exact sites of generation of catalytically active Fe (II) and H2O2 and their topographical correlation with tubular injury have not been determined.
This study therefore focused on the localization of catalytically active Fe (II) and H2O2 generated in the kidneys exposed to ischemia or ischemia/reperfusion, to determine whether the Fe (II)-mediated Fenton reaction is the prominent mechanism of the kidney injury caused by ischemia or ischemia/reperfusion. For this purpose, we examined: 1) the overall distribution of nonheme Fe (III) and Fe (II) in normal kidneys; 2) the localization of Fe (II) and H2O2 in kidneys subjected to ischemia or ischemia/ reperfusion; and 3) the effect of pretreatment with 2, 2'-dipyridyl, a lipophilic Fe 2+ -specifi c chelator (Horky et al., 1998) , on the Fe (II)-histochemistry and histology of the kidneys subjected to ischemia/reperfusion.
Materials and Methods

Animal treatments
All animal experiments in this study were approved by the Animal Research Committee, Hirosaki University and strictly adhered to the Guidelines for Animal Experimentation, Hirosaki University. A total of 38 female Wistar rats (B. W., around 200 g) were used. All animals were anesthetized with pentobarbital sodium (40-50 mg/kg, i.p.). The rats that received a surgical treatment (always on the left kidney) were placed on a warm operating platform maintained at 37 while breathing spontaneously without further respiratory or metabolic support.
Normal rats treated for the perfusion-Perls or -Turnbull method at pH 0.6 or acidosis pH 6.57
The overall distribution of nonheme Fe (III) and Fe (II) in the kidney was studied in 3 normal rats. They were transcardially perfused with heparinized physiological saline (130 ml) followed by the fi xative (1,000 ml, pH 0.6 or 6.57, 2 rats) for the perfusion-Perls method (see below) or that (1,000 ml, pH 0.6, one rat) for the perfusionTurnbull method (see below). The right auricle was cut to fl ush out the blood and perfusate.
Rats subjected to 40 min ischemia of the kidney or a shamoperation to serve as controls for 40m-IS of the kidney
A non-traumatic vascular clamp (approximately 20 g pressure, World Precision Instrument, Sarasota, Fla, USA) was applied across the renal pedicle for 40 min in 5 rats. The vascular occlusion was confirmed by the cyanotic surface color of the kidney. After 40 min-ischemia the animals were treated for the perfusion-Turnbull method at acidosis pH (6.5 +/ 0.3).
Five rats were subjected to a shamoperation to serve as controls of the kidney with 40 min-ischemia. Operations were carried out identically with that of 40 min-ischemia, except for the vascular occlusion. Forty min after the operation, the animals were treated for the perfusionTurnbull method at acidosis pH.
Rats subjected to 40 min-ischemia followed by 60 min or 24 h-reperfusion of the kidney
The kidneys of 21 rats were reperfused for 60 min (11 rats) or 24 h (10 rats) after 40 min-ischemia. Restoration of blood flow to the kidney was confirmed by the immediate flushing of the kidney surface.
To study the effect of a divalent metal chelator on the perfusion-Turnbull histochemistry and histology of the kidneys subjected to 40 min-ischemia/60 min-reperfusion or 40 min-ischemia/24 h-reperfusion, 2, 2'-dipyridyl (40 mg/kg, Wako, Osaka) in physiological saline was intraperitoneally administered about 30-40 min before the onset of 40 min-ischemia, followed by 60 min-(5 rats) or 24 h-reperfusion (5 rats). One rat with 40 min-ischemia/60 min-reperfusion received 20 mg/kg of 2, 2'-dipyridyl. The same volume of saline without 2, 2'-dipyridyl was intraperitoneally administered to the remaining rats 30 -40 min before the onset of 40 min-ischemia followed by 60 min-(5 rats) or 24 h-reperfusion (5 rats).
Then, eleven rats exposed to 40 min-ischemia/60 min-reperfusion were treated for the perfusionTurnbull method at acidosis (10 rats) or at physiological intracellular pH 7.3 (one rat). Ten rats exposed to 40 min-ischemia/24 h-reperfusion were treated for the perfusion-Turnbull method at pH 7.0-7.3.
Rats treated for H2O2 histochemistry by the cerium-DAB-cobalt method
The generation of H2O2 was examined by the ceriumdiaminobenzidine (DAB)-cobalt method (Gossrau et al., 1989) in 4 rats. One normal rat, one sham-operated rat, and two rats with their kidney exposed to 40 min-ischemia or 40 min-ischemia/60 min-reperfusion were perfused for H2O2 histochemistry. All rats were transcardially perfused with a 0.1 M Tris-HCl buffer (pH 7.4, 500 ml) containing 6 mM CeCl3 and 100 mM NaN3, followed by 4% paraformaldehyde in a 0.1 M cacodylate buffer (pH 7.4, 1,000 ml). The normal rat was perfused soon after a suffi cient degree of anesthesia was obtained. The shamoperated rat was perfused 100 min after the operation to serve as a control for the kidneys exposed to 40 minischemia/60 min-reperfusion. The rats exposed to 40 minischemia or 40 min-ischemia/60 min-reperfusion of their kidney were perfused at the end of each treatment.
The kidneys were dissected out, transversely cut into two halves, dehydrated through a graded ethanol series, and embedded in paraffin. Then five micrometer thick sections were treated for DAB-cobalt intensification according to the procedure by Gossrau et al. (1989) and counter-stained with eosin.
The perfusion-Perls and -Turnbull methods supplemented by DAB or DAB-cobalt intensifi cation
Nonheme Fe (III) and Fe (II) were visualized by the perfusion-Perls and -Turnbull methods, respectively (Meguro et al., 2003 (Meguro et al., , 2007 . The perfusates for the perfusion-Perls and -Turnbull methods consisted of 4% paraformaldehyde, 1% potassium ferrocyanide (the perfusion-Perls method), or 1% potassium ferricyanide (the perfusion-Turnbull method) in ion-exchanged distilled water, and the desired pH was prepared by adding HCl. After the perfusion, the left kidneys were dissected out and cut into two equal halves transversely.
The tissues were dehydrated through a graded ethanol series and embedded in paraffi n. The tissue blocks were transversely cut at a 5 m thickness and mounted on silane-coated glass slides (Matsunami, Osaka). The sections were treated for the intensification with 3, 3'-diaminobenzidine-4HCl (DAB, Sigma, St Louis, Mo, USA) or DAB plus cobalt chloride (CoCl2) (NyguenLegros et al., 1980 , Adams, 1981 , Meguro et al., 2007 . After the intensification, the sections were counterstained with hematoxylin or eosin, and some adjoining sections were stained with periodic acid-Schiff (PAS) or hematoxylin-eosin.
TUNEL method for the staining of apoptotic cell nuclei
Apoptotic cells as determined according to the classical morphological criteria were tested for DNA fragmentation by the terminal deoxynucleotidyl transferase (TdT)-mediated deoxyuridine triphosphate (dUTP)-biotin nickend-labeling (TUNEL) method. Five micrometer sections from the kidneys exposed to 40 m-ischemia/24 h-reperfusion were treated according to the procedure recommended by the manufacturer, using an in situ apoptosis detection kit and DAB as a chromogen (Takara, Biochemicals, Tokyo). To intensify the DAB reaction 0.024% CoCl2 was added to DAB/H2O2 solution and sections were counter-stained with eosin.
Quantitative analysis of the effect of 2, 2'-dipyridyl on the tubular injury of the kidneys subjected to 40 minischemia/60 min-reperfusion or 40 min-ischemia/24 h-reperfusion
To assess quantitatively the effect of 2, 2'-dipyridyl (40 mg/kg) on the tubular injury caused by 40 minischemia/60 min-reperfusion, the number of intraluminally protruded or exfoliated tubular cell nuclei was counted in a square 3,333 m wide and 2,299 m deep that covered the whole depth of the renal cortex, in 5 sham-operated rats, 5 rats with 40 min-ischemia, and 10 rats with 40 minischemia/60 min-reperfusion after treatment with 2, 2'-dipyridyl (5 rats) or 0.9% NaCl (5 rats).
To assess the effect of 2, 2'-dipyridyl (40 mg/kg) on the tubular injury caused by 40 min-ischemia/24 hreperfusion, the number of apoptotic cells which were identifi ed by a strongly condensed cell nuclei surrounded by strongly eosinophilic cytoplasm was counted in a square 1,750 m wide and 2,416 m deep that covered the whole depth of the cortex and the outer medulla, in 5 rats treated with 2, 2'-dipyridyl and 5 rats treated with 0.9% NaCl. All quantitative data were statistically analyzed by the Student's t-test and the difference of the means was considered signifi cant at P<0.05.
Results
The overall distribution of nonheme Fe (III) and Fe (II) in the kidney
A brown amorphous reaction product (Fe (III) deposits) of the perfusion-Perls method at pH 0.6 supplemented by DAB-intensification (perfusion-Perls/DAB) heavily stained the renal cortex in zones interrupted by the medullary rays (Fig. 1A ), but less intensely the inner stripe of the outer medulla (Kriz and Bankir, 1988) . Fe (III) deposits heavily filled the cytoplasm and some nuclei of the proximal convoluted tubules (PCT, Fig.  1C ), which were identified by a PAS-positive, high brush border in the adjoining sections (Fig. 1D ). There was light Fe (III) staining in the basal cytoplasm of the distal convoluted tubules (DCT, Fig. 1C ) and moderate staining in the cytoplasm of glomerular endothelial cells, a few podocytes, and eosinophilic intercalated cells of the collecting ducts.
The distal straight tubules (DST) in the inner stripe of the outer medulla exhibited moderate accumulations of Fe (III)-deposits in the basal cytoplasm (Fig. 1E) . The adjoining hematoxylin-eosin stained sections allowed easy identifi cations of the DST, which showed characteristic eosinophilic fine granules in the basal cytoplasm (Fig.  1F) . The proximal straight tubules (PST) in the outer stripe of the outer medulla (Kriz and Bankir, 1988) , the thin limbs of Henle's loop and light cells of the collecting ducts were only very palely stained if at all with Fe (III) deposits.
The perfusion-Perls method at pH 6.57 showed a comparable distribution of Fe (III) deposits, although the density of cytoplasmic Fe (III)-deposits were greatly reduced ( Fig. 2A , B) . However, it became more evident that there was a considerable difference in the intensity of Fe (III)-staining among tubular cell nuclei: some nuclei were heavily stained while others were only lightly stained or unstained (Fig. 2B) . The DST also contained a small amount of fi ne Fe (III)-deposits in the basal cytoplasm.
The perfusion-Turnbull method at pH 0.6 supplemented by DAB-intensifi cation (perfusion-Turnbull/DAB) lightly stained the renal cortex (Fig. 1B) , including the cytoplasm and some nuclei (Fig. 1B, inset) of the PCT.
The perfusion-Turnbull method at acidosis (6.5 +/ 0.3) and higher pH in the sham-operated kidneys and the kidneys exposed to 40 min-ischemia, 40 min-ischemia/60 min-or 24 h-reperfusion
T h e p e r f u s i o n -T u r n b u l l m e t h o d a t a c i d o s i s p H
supplemented by DAB-cobalt intensifi cation (perfusionTurnbull/DAB/CoCl2) did not show Fe (II)-deposits in the sham-operated kidneys. On the other hand, the kidneys exposed to 40 min-ischemia showed dense accumulations of black Fe (II)-deposits (at acidosis pH ) in the cell nuclei, with a small number of fine deposits in the cytoplasm of the PCT at the deeper half of the renal cortex (Fig. 2C) . The nuclei of exfoliated cells were also stained with Fe (II)-deposits, and tiny deposits were observed in the tissue debris in the lumen of the PCT. There were almost no Fe (II)-deposits in the superficial half of the cortex and in the medulla except for some Fe (II)-deposits on the adluminal surface of the vascular endothelium.
The kidneys exposed to 40 min-ischemia/60 minreperfusion showed extensive distributions of Fe (II)-deposits (at acidosis pH) in both the superfi cial and deep parts of the cortex, with a slightly reduced distribution at pH 7.3 (Fig. 2 D -F) . The nuclei of tubular epithelial cells and those of protruded and exfoliated cells in the PCT were heavily stained with Fe (II)-deposits (Fig. 2E) . Fine granular deposits lined the base of the brush border of the PCT (Fig. 2F ). There were also tiny Fe (II)-deposits in the tissue debris exfoliated into the tubular lumen. Furthermore, a small number of fine granular deposits were observed in the cytoplasm of the PST and DST in the outer stripe of the outer medulla. 3 . A: Fe (II)-deposits (black reaction product) in the kidney exposed to 40 min-ischemia/60 min-reperfusion after pretreatment with 20 mg/kg 2, 2'-dipyridyl; perfusion-Turnbull/DAB/CoCl2 at acidosis pH. B: Fe (II)-deposits are almost absent in the kidney exposed to 40 min-ischemia/60 min-reperfusion after pretreatment with 40 mg/kg 2, 2'-dipyridyl; perfusion-Turnbull/DAB/CoCl2 at acidosis pH. C-F: H2O2 histochemistry. C: The kidney exposed to 40 min-ischemia; D: The kidney exposed to 40 min-ischemia/60 min-reperfusion; E: The kidney exposed to a shamoperation; F: Normal rat kidney. All sections were counter-stained with eosin. Bar =100 m Fig. 4 . A: The kidney exposed to a sham-operation. B: The kidney exposed to 40 min-ischemia arrows in the inset indicate pyknotic nuclei at the initial segment of the PCT. C and D: The cortex (C) and inner medulla (D) of the kidney exposed to 40 min-ischemia/60 min-reperfusion. The inset in C shows protruded or exfoliated tubular cell nuclei surrounded by a small amount of cytoplasm. E and F: The cortex (E) and inner medulla (F) in the kidney exposed to 40 min-ischemia/60 min-reperfusion after treatment with 2, 2'-dipyridyl (40 mg/kg). All sections were stained with hematoxylin and eosin. Bars =100 m (A-F), 50 m (inset). On the other hand, there were almost no Fe (II)-deposits in the inner stripe of the outer medulla including the DST, thin limbs of Henle's loop, and collecting ducts. In addition, there was no Fe (II)-staining (at pH 7.06 or 7.1) in the kidneys subjected to 40 min-ischemia/24 hreperfusion.
H2O2 histochemistry by cerium-DAB-cobalt method
A black reaction product indicative of the generation of H2O2 was widely distributed in the cortex but not in the medulla of the kidneys exposed to 40 min-ischemia (Fig.  3C) or 40 min-ischemia/60 min-reperfusion (Fig 3D) . The H2O2 reaction product more extensively distributed in the kidneys with 40 min-ischemia/60 min-reperfusion than those exposed to 40 min-ischemia. The reaction product stained the brush border of the PCT, endothelial cells of arterioles and glomerular capillaries, and the parietal layer of Bowman's capsule. There was also some staining of the vascular endothelial cells in the sham-operated and normal kidneys (Fig. 3E, F) .
Histological changes in the kidneys subjected to 40 min-ischemia, 40 min-ischemia/60 min-or 24 hreperfusion
Kidneys subjected to 40 min-ischemia
The PCT was most seriously injured in the deeper cortex (Fig. 4B) while the sham-operated kidneys (Fig.  4A) showed an almost normal tubular histology. There was extensive destruction of the brush border and accumulation of eosinophilic (Fig.4B ) and PAS-positive (not shown) tissue debris in the tubular lumen of the PCT. The cytoplasm of the PCT contained vacuoles of various sizes (Fig. 4B, inset) . Furthermore, there was protrusion and exfoliation of cell nuclei surrounded by a small amount of cytoplasm. These nuclei were round, of usual size, and non-pyknotic. Moderate pyknosis was observed in some tubular epithelial cells at the initial segment of the PCT (Fig. 4B, inset) .
Kidneys subjected to 40 min-ischemia/60 minreperfusion
The kidneys with 40m-IS/60m-RP exhibited extensive destruction of the brush border, increased numbers of protruded or exfoliated cells in the PCT (Fig. 4C) , and increased numbers of pyknotic nuclei in the initial segments of the PCT. The mean number of protruded or exfoliated cells was larger than that of the kidneys subjected to 40 min-ischemia, but the difference between the means was not statistically significant (Fig. 6A) . Most of the exfoliated cells showed non-pyknotic nuclei surrounded by a small amount of cytoplasm (Fig. 4C,  inset) , while a small number of exfoliated nuclei were strongly condensed, irregularly shaped, or fragmented (apoptotic cell nuclei).
There was also extensive destruction and desquamation of the brush border along with numerous cytoplasmic vacuoles in the PST, but nuclear protrusion or exfoliation was rarely observed. Mild brush border destruction was also observed in the DCT. There was no distinct pathological change in the thin limbs of Henle's loop and the collecting ducts, but many thin tubules were obstructed with eosinophilic casts (Fig. 4D) .
Kidneys subjected to 40 min-ischemia/24 hreperfusion
The kidneys with 40 min-ischemia/24 h-reperfusion showed brush border destruction and numerous cytoplasmic vacuoles in the PCT (Fig. 5A) . Less prominent cytoplasmic vacuoles were also observed in the DCT, where a few apoptotic cells were encountered in the tubular lumen. There was prominent tubular dilation and a fl attening of tubular epithelial cells in the PST in the outer stripe of the outer medulla (Fig. 5C ) and in the medullary rays. The dilated tubular lumen of the PST contained numerous strongly condensed nuclei (TUNEL-positive, Fig. 5C inset) embedded in a strongly eosinophilic (Fig.  5C ) and PAS-positive cytoplasm. Nuclear fragmentation was also observed.
The DST in the medullary rays and inner stripe of the outer medulla showed coarse perinuclear vacuoles displacing much of the cytoplasm peripherally (Fig. 5E) , where the cytoplasm was PAS-positively stained (Fig.  5E, inset) . There was slight edema and cell infi ltration in the interstitium of the cortex and outer medulla. The thin limbs of Henle's loop and the collecting ducts appeared unaffected but contained eosinophilic tissue debris and colloidal casts in the tubular lumen.
Effect of 2, 2'-dipyridyl pretreatment on the Fe (II)-histochemistry and histology of the kidneys that were subjected to 40 min-ischemia/60 min-reperfusion or 40 min-ischemia/24 h-reperfusion
Twenty mg/kg of 2, 2'-dipyridyl signifi cantly reduced Fe (II)-staining (at acidosis pH) in the PCT of the kidney exposed to 40 min-ischemia/60 min-reperfusion (Fig. 3A) . A small number of fi ne Fe (II)-deposits were scattered in the PCT (Fig. 3A) , with some staining of the endothelial cells of some arterioles and glomerular capillaries. Except for a considerable decrease in the number of mildly pyknotic nuclei in the PCT, the kidneys pretreated with 20 mg/kg of 2, 2'-dipyridyl before the onset of 40 minischemia/60 min-reperfusion showed a histology almost comparable to those exposed to 40 min-ischemia/60 minreperfusion without 2, 2'-dipyridyl pretreatment.
Forty mg/kg 2, 2'-dipyridyl almost inhibited Fe (II)-staining in the kidney exposed to 40 min-ischemia/60 min-reperfusion (Fig. 3B) , while there were some Fe (II) deposits on the adluminal surface of the endothelial cells of arterioles.
Forty mg/kg 2, 2'-dipyridyl signifi cantly attenuated the histology of the kidneys of fi ve rats which were subjected to 40 min-ischemia/60 min-reperfusion (Fig. 4E ). There were no pyknotic nuclei in the PCT, brush border damage was less prominent, and tissue debris in the tubular lumen decreased in amount (Fig. 4 E, F) . Furthermore, there was a signifi cant decrease in the number of exfoliated nuclei (Fig. 6A ) in the PCT; most of such nuclei were round and nonpyknotic.
Forty mg/kg 2, 2'-dipyridyl also signifi cantly attenuated the histology of the kidneys subjected to 40 minischemia/24 h-reperfusion (Fig. 5B, D, F) . Brush border destruction and cytoplasmic vacuoles were signifi cantly reduced in the PCT and DCT (Fig. 5B) . Furthermore, the number of apoptotic cells fell markedly in the lumen of the PST in the outer stripe of the outer medulla and the medullary rays (Fig. 5D, 6B ). However, it was noteworthy that tubular dilatation and the flattering of tubular cells were not prevented in the PST, suggesting that these tubular changes are not simply due to tubular obstruction. The DST in the inner stripe of the outer medulla showed a greatly reduced number of cytoplasmic vacuoles (Fig. 5F) , and there was no PAS-staining.
Discussion
Fe
2+ -catalyzed Fenton reaction is the central mechanism of the acute tubular injury caused by ischemia and ischemia/reperfusion
We demonstrated the highly localized generation of chelatable Fe (II) and H2O2 in the PCT of the kidneys exposed to 40 min-ischemia or 40 min-ischemia/60 minreperfusion. The topographies of chelatable Fe (II) and H2O2 closely matched the topography of the tubular injury, in which the PCT was most seriously affected. We further demonstrated that a lipophilic, intracellular, Fe 2+ -specifi c chelator effectively inhibited the staining of chelatable Fe (II). It also signifi cantly attenuated the necrotic tubular damage to the PCT, including brush border destruction, cytoplasmic vacuolization, and the exfoliation of cell nuclei as well as the apoptotic tubular cell death. These results support the view that both necrotic and apoptotic pathways are simultaneously activated by some common underlying mechanisms (reviewed in Saikumar and Venkatachalem, 2003; Kaushal et al., 2004) . As suggested from our observations, the generation of OH during the Fenton reaction is most likely the central mechanism that activates necrotic and apoptotic pathways in the kidney exposed to ischemia and reperfusion. The kidneys exposed to 40 min-ischemia/24 hreperfusion showed aggregates of apoptotic cells with pyknotic, TUNEL-positive nuclei, and a strongly eosinophilic cytoplasm as reported by previous authors (Schumer et al., 1992; Tanaka et al., 2004) . Most apoptotic cells accumulated in the strongly dilated tubular lumen of the PST, but scarcely so in the wall. The downstream tubules including the DST, thin limbs of Henle's loop, DCT, and collecting ducts, contained only a few apoptotic cells. Therefore, most apoptotic cells in the PST were very likely those exfoliated from the PCT during IS and the early stage of RP. This view is supported by the fact that the exfoliated cell nuclei were heavily stained for Fe (II), and that the possible participation of nuclear Fe (II) in the development of apoptosis was evidenced by the observation that a mixture of Fe 2+ and H2O2 injured DNA by cleaving the double strand at different sequences depending on the concentration of H2O2 (Henle et al., 1999) .
The present results, thus, provided an important basis for the preventive effect of various antioxidants or free radical scavenging agents (Avunduk et al., 2003; Sehiril et al., 2003; Ohkita et al., 2005 and others) and ironchelators (e.g. desferrioxamine, Pincemail et al., 2000) on acute renal failure caused by ischemia or ischemia/ reperfusion.
Chelatable Fe (II) that can catalyze the Fenton reaction is likely generated by the reduction of nuclear and cytoplasmic Fe (III)
The perfusion-Perls/DAB/CoCl2 at pH 0.6 demonstrated a strong Fe (III)-positive reaction in the cytoplasm and in a certain population of nuclei in the PCT, and stained the subnuclear region of the DST in the normal kidneys. A comparable distribution of Fe (III) was also demonstrated by the perfusion-Perls/DAB/CoCl2 at the acidosis pH with considerably decreased intensity. The perfusion-Turnbull/ DAB/CoCl2 at pH 0.6 only palely stained the PCT, which contained Fe (II) deposits in lysosomes (unpublished observation by electron microscopy). However, there was no staining of Fe (II) in every renal structure of the shamoperated kidneys at acidosis pH, suggesting that Fe (II) in the normal kidneys is sequestrated in the tightly bound forms in lysosomes of the PCT.
On the other hand, the perfusion-Turnbull/DAB/CoCl2 at acidosis pH or physiological pH demonstrated the substantial generation of chelatable Fe (II) in a population of nuclei and along the cytoplasm underlying microvilli in the PCT of the kidneys exposed to 40 min-ischemia or 40 min-ischemia/60 min-reperfusion.
The above fi ndings cumulatively implied that nuclear and cytoplasmic Fe (III) (probably stored in the form of ferritin and sequestrated in lysosomes) in the PCT was reduced into chelatable Fe (II) by some reducing agents activated or generated in the kidneys during ischemia or ischemia/reperfusion; the nuclear relocation of some cytoplasmic Fe 2+ generated by reduction of Fe (III) during ischemia/reperfusion is also probable (Kurz et al., 2006) .
Among others, O2 -is the most likely candidate for such an agent that is responsible for the reduction of nuclear and cytoplasmic Fe (III) because it is abundantly yielded during ischemia and reperfusion, and also because it can donate a single electron to Fe (III), reducing it to catalytically active Fe (II) (Halliwell and Gutteridge, 2007) . The generation of O2 -was demonstrated in the kidneys exposed to ischemia/reperfusion by the chemiluminescence analysis and the nitro blue tetrazolium method (Chien et al., 2000 (Chien et al., , 2001 . Furthermore, the present cerium-DAB-cobalt method demonstrated the generation of H2O2 in the kidneys exposed to either 40 min-ischemia or 40 min-ischemia/60 min-reperfusion; H2O2 could be formed enzymatically or nonenzymatically through the dismutation of O2
- (Halliwell and Gutteridge, 2007) and by monoamine oxidase (Kunduzova et al. 2002) .
Because nonheme Fe (III) is a potential source of catalytically active Fe (II) as discussed above, the structures that excessively accumulate Fe (III) are particularly vulnerable to ischemia and ischemia/ reperfusion. The PCT has a dense brush border and numerous small and large endocytotic vesicles in the apical cytoplasm, suggesting the reabsorption and processing of macromolecules (Verlander, 1998) . Since there has been no reported expression of transferrin receptors or dimetal transporter in the PCT (Lu et al., 1989; Ferguson et al., 2001) , it is very probable that iron-protein complexes (transferrin, ferritin and ironalbumin complex) are nonspecifically endocytosed and sequestrated in lysosomes by the epithelial cells of the PCT. In fact, the administration of exogenous iron caused iron storage in lysosomes, increased lysosomal fragility (Nankivell et al., 1994; Dimitriou et al., 2000) , and proximal tubular damage (Nankivell et al., 1994) .
During ischemia or ischemia/reperfusion, catalytically active Fe (II) would increase in lysosomes through the reduction of Fe (III) by O2 -. Such Fe (II) then reacts with membrane-permeable H2O2 to produce highly reactive OH through the Fenton reaction, thereby modifying the chemical constituents of lysosomal membrane such as lipid peroxidation, destroying the membrane integrity, and releasing catalytically active Fe (II) into the cytoplasm, which further promotes the generation of OH .
Released lysosomal lytic enzymes can degrade the membrane of mitochondria and cause the release of apoptosis-inducing cytochrome c which triggers the apoptotic cascade (reviewed in Saikumar and Venkatachalan, 2003) . The critical contribution of the lysosomal/mitochondrial axis in oxidant-induced apoptotic cell death has been stressed by in vitro studies using lysosomotrophic detergents or iron-chelators (Boya et al., 2003; Zhao et al., 2003; Kurz et al., 2006) . However, the direct oxidative fragmentation of DNA by Fe (II)-mediated OH generation in the nucleus is another possible mechanism for apoptotic cell death (Henle et al., 1999) . Besides the PCT, Fe (III) deposits also stained the subnuclear region of the tubular cells of the DST, but there was almost no staining of either Fe (II) or H2O2, and there was no apparent cell death in the DST in the kidneys exposed to 40 min-ischemia or 40 min-ischemia/60 minreperfusion. However, disturbed metabolic processing of pyruvate was probable in the DST of the kidneys with 40 min-ischemia/24 h-reperfusion, because the subnuclear cytoplasm of the DST was PAS-positively stained, indicating the glycogenesis which prevents the excess accumulation of lactic acid.
The perfusion-Perls and Turnbull methods: a novel application at different pH values
The Perls and Turnbull methods depend on the generation of insoluble ferric ferrocyanide (Prussian blue) and ferrous ferricyanide (Turnbull blue), through ionic bonding between Fe 3+ and ferrocyanide ion, and between Fe 2 + and ferricyanide ion, respectively. The tissue nonheme iron loosely bound to various organic ligands is liberated by the replacement by protons (Meguro et al., 2007) . Therefore, the amount of Fe 3+ and Fe 2+ available for histochemical demonstration largely depends on the pH of the acidic ferricyanide or ferrocyanide.
Conventional nonheme iron histochemistry uses acidic ferricyanide or ferrocyanide at a pH below 1.0 (Lison, 1936 , Bunting, 1949 , which provides the best results. However, such a low pH is never encountered in living cells. We therefore performed the perfusion-Perls and Turnbull methods using the fixatives at different pH values: pH 0.6 to visualize the overall distribution of nonheme iron in the normal kidneys; acidosis pH to visualize catalytically active iron liberated in the kidneys exposed to 40 min-ischemia or 40 min-ischemia/60 minreperfusion; and physiological pH to visualize catalytically active iron available in the kidneys exposed to 40 minischemia/60 min or 24 h-reperfusion. Because at present the perfusion-Turnbull method is the most specific and sensitive method to visualize nonheme Fe (II) in tissues, the present new application of the perfusion-Turnbull method should be instrumental for the visualization of catalytically active Fe (II) which is substantially involved in the Fenton reaction in organs under various oxidative stress and toxic conditions.
